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a b s t r a c t

In this work, Ag3PO4/chitosan membrane composites were prepared by a facile method of in-situ 
synthesis. The structure and properties of the obtained Ag3PO4/chitosan membrane composites 
were characterized using scanning electron microscopy, Fourier transform infrared spectroscopy, 
X-ray diffraction, X-ray photo electron spectroscopy, and ultraviolet-visible diffuse reflection absorp-
tive spectra. Photo catalytic properties were investigated via degradation of a methyl orange solution 
under visible light irradiation. Decolorization results indicated that the decolorization efficiency of
Ag3PO4/chitosan membrane composites were better than that of pure Ag3PO4 particles. The impacts
of different concentrations of AgNO3 solutions (0.1, 0.2, and 0.3 mol/L) in the experimental process
were discussed. At concentrations of 0.2 mol/L, the composite exhibited much higher photo catalytic 
activity performance under visible light irradiation.
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1. Introduction

Over the past few decades, dye effluents have become
one of the main sources of water pollution [1]. Photo catalytic 
degradation technology, as one of the most environmen-
tally sound technologies, has attracted substantial attention 
in the removal of various dye pollutants and hydrogen evo-
lution [2]. Several photo catalysts have been synthesized, 
such as CsPbBr3-xIx [3], Ag/AgCl/TiO2 [4], Ag2ZnSnS4/Mo 
[5] and Ag-ZnO [6]. In the last 10 years, numerous studies
have reported that multifarious silver-based semiconductor 
photo catalysts possess several advantages including sig-
nificant visible and UV photo catalytic properties [7–10].
Among these semiconductors, silver phosphate (Ag3PO4)
is an efficient photo catalyst with an indirect band gap of
2.36 eV as well as a direct transition of 2.43 eV; its excel-
lent degradation of organic dyes and strong photo oxida-
tive capacity for O2 evolution under visible light irradiation
with quantum efficiency up to 90% was first reported by
Ye et al. [11]. However, the application of single-phase

Ag3PO4 remains constrained by inherent drawbacks includ-
ing high cost, low photo stability, large particle size with 
smaller surface area, and tendency to agglomerate, leading 
to decreases in surface area and surface energy [12,13]. To 
overcome these problems, Ag3PO4 nanoparticles have been 
coupled with CeO2 [14], BiVO4 [15], Ag2S [16], MoS2 [17], and 
g-C3N4 [18] to reduce agglomeration of Ag3PO4 nanoparti-
cles. Another problem is that nanoparticles are difficult to
remove from solutions; some researchers have immobilized
Ag3PO4 particles on PAN nanofibers [19], sulfonated poly-
phenylene sulfide superfine fiber [20], and cellulose [21] to
promote easy recyclability.

Chitosan, a widespread semi-natural polysaccharide, 
is non-toxic, inexpensive, hydrophilic, biocompatible, bio-
degradable, and anti-bacterial [22], arousing great inter-
est in various fields [23]. Due to the presence of abundant 
hydroxyl (-OH) and a mine (-NH2) groups that can serve as 
active sites for the adsorption of other organic compounds 
as well as metal ions including Hg2+, Cd2+, Zn2+, Cu2+, Ni2+, 
and Ag+ [24,25], chitosan has been researched extensively as 
a base material for analytical (e.g., separation, chromatogra-
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phy, biosensor, affinity, and fluorescence probes), biomed-
ical (e.g., enzyme-based biofuel cells, bone regeneration, 
anti-cancer embolotherapy, and targeted drug carriers), and 
environmental (e.g., pollutant removal and toxic pollutant 
degradation) applications [26].

In this paper, we use a chitosan membrane as an adsor-
bent and soft template to immobilize Ag3PO4. Ag3PO4 parti-
cles can be easily anchored onto the chitosan membrane by 
in-situ polymerization, and the photo catalytic performance 
of as-prepared Ag3PO4/chitosan membranes under visible 
light irradiation is evaluated by photo degradation of a 
methyl orange (MO) solution. The photo catalytic effects of 
different concentrations of Ag+ ions chelating with chitosan 
membranes are investigated.

2. Experiment

2.1. Materials

Chitosan was provided by Shanghai Macklin Biochemi-
cal Co., Ltd. (Viscosityt, 200–400 mPa·s; degree of deacetyl-
ation: 95%). Silver nitrate (AgNO3) and disodium hydrogen 
phosphate (Na2HPO4) were purchased from Sinopharm 
Chemical Reagent Corp (PR China).

2.2. Preparation of chitosan porous membranes

Chitosan porous membranes were prepared by casting 
an acid chitosan solution (1.5%, w/w, of chitosan–5% ace-
tic acid solution) on Petri dishes. Dishes were kept at 60°C 
for 2 h until the mass became constant. Membranes were 
then immersed for 12 h in 1 mol/L NaOH solution at room 
temperature to neutralize excess acid [27]. Afterwards, they 
were washed thoroughly with distilled water and stored in 
water at 4°C.

2.3. Preparation of Ag3PO4/chitosan membrane composites

0.1 g as-prepared chitosan membranes were immersed 
in 50 ml AgNO3 solution at different concentrations (0.1, 
0.2, and 0.3 mol/L) for 5 h to allow chelation of Ag+ ions 
with a mine groups. Then, 50 ml 0.2 mol/L Na2HPO4 was 
added into the above solution drop by drop. The reaction 
was maintained with continuous shaking for 3 h, and each 
treated sample was thoroughly rinsed with distilled water 
followed by drying at 60°C  for 3 h. The Ag3PO4/chitosan 
membrane composites were marked as composite-1, com-
posite-2, and composite-3, obtained through treatment 
with 0.1 mol/L, 0.2 mol/L, and 0.3 mol/L of AgNO3 solu-
tions, respectively. A schematic illustration of the growth 
process of Ag3PO4 on the chitosan membrane is provided 
in Fig. 1.

2.4. Characterization

The size and micro morphology of the chitosan mem-
brane and Ag3PO4/chitosan membrane composites were 
observed with a JSM-IT300A scanning electron microscope 
(SEM). The surface functionalization and bonding configu-
ration of all samples were determined by VERTEX 70 Fou-
rier transform infrared spectroscopy (FTIR) ranging from 

450 to 4000 cm–1. Crystal patterns of samples were char-
acterized by a Rigaku MiniFlex 600 X-ray diffractometer 
(XRD) with a Cu Kα target at 40 kV and 40 mA at a scan 
rate of 5°/min from 10° to 80° (2θ). Elemental analysis of 
composite-2 was conducted by AXIS-ULTRA DLD-600W 
X-ray photo electron spectroscopy (XPS). Light absorption 
of the samples was measured by ultraviolet-visible diffuse 
reflection absorptive spectra (UV–vis/DRS) with a UV-2700 
UV-visible spectrophotometer. 

2.5. Photo catalytic activity measurement

Photo catalytic activity of Ag3PO4/chitosan membrane 
composites was evaluated by the ability to decompose an 
MO solution (100 ml, 10 mg/L) under visible light irradi-
ation. The initial pH of the MO solution was adjusted to 
pH 7.0. Typically, 0.1 g Ag3PO4/chitosan membrane com-
posite was added to the MO solution and magnetically 
stirred for 10 min under dark conditions to establish the 
adsorption/desorption equilibrium. Then, the suspen-
sion was irradiated with a 300 W Xe arc lamp. At 4-min 
intervals, approximately 4 ml of the suspension was col-
lected. Obtained clear solutions were recorded at 464 nm 
(λmax for MO solution) by UV–vis spectrometry, and the 
obtained values were used to calculate the decoloriation 
rate of the MO dye solutions.

The decolorization rate of the MO dye solutions was 
calculated with the following equation [28]:
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where D(%) represents the decolorization rate of MO, Ct 
represents the MO concentration at time t min, and C0 rep-
resents the initial MB concentration.

The photo catalytic reaction kinetics of all samples were 
calculated by the Langmuir–Hinshelwood (L–H) model as 
follows [29]:
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where kapp represents the apparent pseudo-first-order reac-
tion rate constant (min–1), and t represents the reaction time 
(min). 

Fig. 1. Schematic illustration of the growth process of Ag3PO4 on 
chitosan membrane.
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3. Results and discussion

3.1. Morphology and structure

The morphology and micro structure of the as-prepared 
chitosan membrane and Ag3PO4/chitosan membrane com-
posites were characterized directly via SEM. As shown in 
Fig. 2a, a porous structure can be seen on the surface of the 
chitosan membrane; the sizes of micro-holes were roughly 10 
um. From the SEM image of composite-1 (Fig. 2b), Ag3PO4 
particles measuring about 200 nm were dispersed on the 
surface of the chitosan membrane with slight agglomeration. 
As the concentrations of the AgNO3 solution continued to 
increase, the composite-2 exhibited many Ag3PO4 particles 
growing on the chitosan membrane (Fig. 2c). Compared with 
composite-1 and composite-2, composite-3 showed more 
Ag3PO4 particles on the chitosan membrane and attached 
densely in agglomerated forms. Clearly, Ag3PO4 particles 
were unevenly distributed on the chitosan membrane.

FTIR spectra of the chitosan membrane, pure Ag3PO4, 
and Ag3PO4/chitosan membrane composites are presented 
in Fig. 3. In FTIR spectra of the chitosan membrane, bands 
around 3340 cm–1 and 2877 cm–1 could be assigned to the 
amino (-NH2) as well as hydroxyl (-OH) groups; the peaks 
at 1651 cm–1 and 1591 cm–1 were assigned to vibrations of 
the amide I band and amide II band, respectively [30]; 
and the characteristic absorption band at 1421 cm–1 corre-
sponded to bending vibration of the -OH group. The two 
absorbent bands at 3440 cc and 1640 cm–1 in Ag3PO4 FTIR 
spectra were attributed to stretching and bending vibra-
tions of OH of water molecules absorbed by Ag3PO4 [31]. 

Moreover, Ag3PO4 exhibited other characteristic bands at 
1022 cm–1 and 560 cm–1, attributed to P-O groups. The peak 
at 560 cm–1 corresponded to the P-O bond vibration of PO4

3– 
in the FTIR spectra of Ag3PO4/chitosan membrane compos-
ites, demonstrating that Ag3PO4 particles were successfully 
formed in situ in Ag3PO4/chitosan membrane composites. 
In addition, the band strength at 560 cm−1 of Ag3PO4/chi-
tosan membrane composites increased as the concentra-
tion of the AgNO3 solutions increased, indicating that the 

Fig. 3. FTIR spectra of chitosan membrane, pure Ag3PO4, com-
posite-1, composite-2, and composite-3.

Fig. 2. SEM images of (a) chitosan membrane, (b) composite-1, (c) composite-2, and (d) composite-3.
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content of Ag3PO4 on the surface of the chitosan membrane 
increased constantly. Furthermore, the bands of O-H and 
-NH2 at 1421 cm−1 and 1591 cm−1 shifted to 1415 cm−1 and 
1579 cm−1, respectively, implying chelation of Ag+ ions by 
the hydroxyl and amino groups of chitosan [32].

Fig. 4 displays the XRD spectrum of the as-synthesized 
chitosan membrane, pure Ag3PO4, and Ag3PO4/chitosan 
membrane composites. In the XRD pattern of the chitosan 
membrane, a main peak appeared at 2θ = 20.08°. In the 
Ag3PO4 diffraction patterns, eleven clear peaks emerged 
at 20.9°, 29.72°, 33.32°, 36.56°, 42.52°, 47.82°, 52.68°, 55.1°, 
57.26°, 61.64°, and 71.92°, corresponding to the (110), (200), 
(210), (211), (220), (310), (222), (320), (321), (400), and (421) 
crystal planes of Ag3PO4 (JCPDS Card NO.06-0505), respec-
tively [33]. In addition, Ag3PO4/chitosan membrane com-
posites showed characteristic peaks of Ag3PO4, indicating 
that Ag3PO4 particles were successfully formed in situ on 
the surface of the chitosan membrane. No obvious charac-
teristic peak of chitosan membrane appeared in the XRD 
pattern of Ag3PO4/chitosan membrane composites due to 
the low content or weak intensity of chitosan [32].

Chemical states of elements on the surface of compos-
ite-2 were further investigated by XPS. Fig. 5a shows the 
wide scan spectrum of composite-2, confirming the exis-
tence of C, Ag, P, and O elements in the sample. C1s peaks 
at 288.90 eV and 285.75 eV in Fig. 5b were assigned to C=O 
and C-OH bonds, respectively. The peak at 284.90 eV cor-
responded to C-C bonding in the chitosan membrane. As 
shown in Fig. 5c, peaks centered at 374.10 eV (Ag3d3/2) and 
368.05 eV (Ag3d5/2) in the Ag3d spectrum revealed the pres-
ence of Ag+ in composite-2. Fig. 5d presents the regional 
spectrum of P2p, where a peak at 133.40 eV corresponded to 
P5+ [34]. In Fig. 5e, the O1s spectrum can be found at 533.20 
eV and 532.00 eV, composed of P-O of Ag3PO4 and HO from 
Ag3PO4 along with the chitosan membrane [35]. 

The optical absorption properties of photo catalysts is 
important in determining their photo catalytic activities; 
hence, the light absorbance behaviors of pure Ag3PO4 and 
Ag3PO4/chitosan membrane composites were investigated, 
with UV-vis diffuse reflectance spectra depicted in Fig. 6. 
Results indicate that the absorption edge of Ag3PO4 pow-

der was around 530 nm, corresponding to the band gap 
of 2.3 eV, which is identical to the previous literature [36]. 
Additionally, the optical absorption of composite samples 
was much stronger and more durable than pure Ag3PO4 in 
the range of 500–800 nm, indicating that the visible light 
absorption properties of Ag3PO4/chitosan membrane com-
posites could be greatly enhanced in the visible light region.

3.2. Photo catalytic activity

To investigate the photo catalytic performance of as-pre-
pared samples, a stable negatively charged organic pollutant 
MO solution was irradiated under visible light with different 
samples. Fig. 7a shows MO decolorization rates of the chi-
tosan membrane, pure Ag3PO4, Ag3PO4 without light irradi-
ation, only light irradiation and Ag3PO4/chitosan membrane 
composites. The color of the MO solution was only slightly 
lightened by the chitosan membrane, and pure Ag3PO4 exhib-
ited relatively poor photo catalytic activity. Ag3PO4 without 
light irradiation and only light irradiation can hardly change 
the color of the MO. Composite-2 demonstrated optimal 
activity with a decolorization rate of nearly 90.1% after 40 
min of visible light irradiation, whereas that of compos-
ite-1 and composite-3 was approximately 82.1% and 76.4%, 
respectively. The photo catalytic activity of composite-3 was 
less than that of composite-2 due to higher aggregation. Fig. 
7b shows UV–vis spectral changes in the MO aqueous solu-
tion over composite-2 under visible light for different times. 
The intensity of the maximum absorption peak of MO at 
464 nm reduced gradually with increasing irradiation time 
and nearly disappeared after 40 min. Fig. 7c displays the 
pseudo-first-order kinetics curves and reaction rate constant 
values (kapp) obtained from the slopes (Fig. 7d). The values 
of the chitosan membrane, pure Ag3PO4, composite-1, com-
posite-2, and composite-3 were approximately 0.0032, 0.0129, 
0.0449, 0.0517, and 0.0344, respectively. Findings suggest that 
the immobilization of Ag3PO4 on the surface of the chitosan 
membrane can promote photo catalytic activity in Ag3PO4.

 The re-usability and stability of composite-2 was exam-
ined by recycling it under the same conditions. As shown in 
Fig. 8, the decolorization rate of composite-2 was roughly 
55.5% after three recycling rounds. A reduction in the 
decolorization rate was likely due to photo corrosion of the 
Ag3PO4 particles. 

Based on the above mentioned results, a possible photo 
catalytic mechanism of the Ag3PO4/chitosan membrane 
composites is elucidated in Fig. 9. Under visible light irra-
diation, Ag3PO4 was easily excited; many kinds of photo 
generated electrons (e−) in its valence band excited to its 
conduction band, leaving generated holes (h+) behind the 
valence band of Ag3PO4. As a result, electrons on the con-
duction band of Ag3PO4 reacted with O2 dissolving in the 
solution to yield •O2

−, which further reacted with H+ to pro-
duce H2O2. Photo generated holes (h+) in the valence band 
of Ag3PO4 reacted with OH−/H2O molecules and oxidated 
the MO solution to H2O, CO2, or other products [37].

4. Conclusions

I successfully prepared Ag3PO4/chitosan membrane 
composites via a facial method of in-situ synthesis. Com-

Fig. 4. XRD patterns of pure Ag3PO4, chitosan membrane, com-
posite-1, composite-2, and composite-3.
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Fig. 5. XPS spectra of composite-2. (a) Fully scanned spectrum, (b) C1s, (c) Ag3d, (d) P2p, and (e) O1s.

 

Fig. 6. UV-visible absorption spectra of pure Ag3PO4, composite-1, composite-2, composite-3 and the band gap of Ag3PO4.
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pared with pure Ag3PO4 powder, the composites exhibited 
better photo catalytic activity. Given many more Ag3PO4 
particles and slighter aggregation, composite-2 presented 
the highest photo catalytic activity to degrade MO under 
visible light irradiation. The MO solution decolorization 
rate could reach 90.1% in 40 min under visible light irradia-

tion. Consequently, this study presents a facile, green, low-
cost way to prepare Ag3PO4/chitosan membrane composite 
photo catalysts with potential applications in wastewater 
treatment.

Fig. 8 Recyclability of composite-2 in photo degradation of MO 
under visible light irradiation.

Fig. 9. Photo catalytic degradation mechanism of MO over  
Ag3PO4/chitosan membrane composites.

 

 

Fig. 7 (a) Photo catalytic decolorization rate of chitosan membrane, pure Ag3PO4, Ag3PO4 without light irradiation, only light irra-
diation and Ag3PO4/chitosan membrane composites. (b) UV–vis absorption spectra of MO solution using composite-2. (c) Photo 
catalytic kinetics of chitosan membrane, pure Ag3PO4, and Ag3PO4/chitosan membrane composites. (d) Apparent rate constant for 
decolorization of MO with different samples.
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